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APPROXIMATEONVERSIONRBROMSIUNITS

APPROXIMATEONVERSIONISSIUNITS

Symbol  When You Know  Multiply By ToFind Symbol | Symbol When You Know Multiply By ToFind Symbol
LENGTH LENGTH
in inches 254 millimeters mm mm millimeters 0.039 inches in
ft feet 0.3048 meters m m meters 3.28 feet ft
yd yards 0.914 meters m m meters 1.09 yards yd
mi Miles (statute) 1.61 kilometers km km kilometers 0.621 Miles (statute) mi
AREA AREA
in? sguareinches 645.2 millimeters squared cm’ mm? millimeters squared 0.0016 squareinches in®
ft? square feet 0.0929 meters squared m? m? meters squared 10.764  square feet ft?
yd® square yards 0.836 meters sqared m’ knm? kilometers squared 0.39 square miles mi®
mi® square miles 2.59 kilometers squared  km® ha hectares(10,000m?) 2.471 acres ac
ac acres 0.4046 hectares ha
MASS MASS
(weight) (weight)
0z Ounces (avdp) 28.35 grams g g grams 0.0353 Ounces (avdp) oz
Ib Pounds (avdp) 0.454 kilograms kg kg kilograms 2.205 Pounds (avdp) Ib
T Short tons (200(b) 0.907 megagrams mg mg megagrams (100Kg) 1.103 short tons T
VOLUME VOLUME
fl oz fluid ounces (US) 29.57 milliliters mL mL milliliters 0.034 fluid ounces (US) fl oz
gal Gallons (lig) 3.785 liters liters liters 0.264 Gallons (lig)gal m®
ft? cubic feet 0.0283 meters cubed m® meters cubed 35.315  cubic feet ft®
yd® cubic yards 0.765 meters cubed m’ m® meters cubed 1.308 cubic yards yd®
Note: Volumes greater that000 Lshall be shown im®
TEMPERATURE TEMPERATURE
(exact) (exact)
0 H H 0,
F Fahrenheit 5/9 (F32) Celsius c °C Celsius temperature 9/5 °C+32 Fahrenheit °F
temperature temperature temperature
ILLUMINATION ILLUMINATION
fc Footcandles 10.76 lux Ix , | X lux 0.0929 foot-candles fc
f foot-lamberts 3.426 candela/nt cdlem” | cdjem  candela/n? 0.2919 foot-lamberts  fl
2
FORCEnd FORCENd
PRESSURE PRESSURE
STRESS STRESS
Ibf_ poundforce 4.45 ngwtons N N newtons 0.225 poundforce Ibf
psi pound-force per 6.89 kilopascals kPa kPa kilopascals 0.145 pound-force psi
squareinch per square inch
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Acronyms and Definitions

The followingacronyms andiefinitionsare provided for further clarification fahe termsused in this
report.

T
T

Agricultural Research ServicARS)

Bacteria:Large domain of prokaryotic microorganis. Typically, bacteria are a few

micrometers in length and have a number of shapes, ranging from spheres to rods and spirals.
Bacteria were among the first life forms to appear on Earth, and are present in most of its
habitats. The organism in this studss a bacterium.

Bare Ground:Soil andnineralmatter smallerthanone square incin size.

Colony Forming Units: (cfunit used to estimate the number of viable bacteria or fungal cells
in a sample.

Desired Speciediative orexoticplant specieshat provideabenefitto a revegetation site.

ExoticSpeciesNonnativespecieghat owetheir presencdn agivengeographiareato
intentionalor unintentionalhumanmediateddispersal.

Geographic Information System§GIS)
Idaho Transportation Department(ITD)

Inoculum: Refers to the source material used for inoculation. The word is used in three senses:
In medicine, the material that is the source of the inoculation in a vaccine. In microbiology, the
cells, tissue, or viruses that are used to inocuktgew culture.

Invasive: Plantspecieon the IdahoNoxious WeedList(Appendix C), annual exotic grasses, and
forbs knownto be aggressiveith atendencyto form monocultures and crowd outlesired
species.

Litter: Organianatter (notdecomposed)n contact with the soil surfacegommonly plant
matter from previousgrowingseasons.

Mile Post:(MP)
Native SpeciesQriginatedin a givengeographiareawithout humanmanipulation.

Roadsideincludes thesides otthe roadcorridor beyond the paved roashouldes including
impacted omaintained roadsidareas within the righbf-way (ROW).

Rock: Mineralmatter larger than one square ind¢h size.

Sample PointSample Point is software for manual image analysis. Foliar cover determinations
of userdefined classg can be derived from digital images taken on the ground or aerially. Data
are saved automatically to an Excel spreadsheet. Sample Point was developed by Berryman
Consulting in cooperation with the USDA Agricultural Research Service and the USDI Bureau of
Land Management (Booth, et al., 2006).
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Stele:The central core of the stem and root of a vascular plant, consisting of the vascular tissue
(xylem and phloem) and associated supporting tissue.

Tryptic Soy Agar (TSA)ryptic soy agar or Trypticase soy aigaa solid growth medium for the
culturing of bacteria. It is a genefalrpose, nonselective media providing enough nutrients to
allow for a wide variety of microorganisms to grdtwhas a wideange of applications.

Tryptic Soy Broth (TSB)ryptic soyoroth or Trypticase soy broth is used in microbiology
laboratories as a culture broth to grow aerobic bacteria. It is a complex, general purpose
medium that is routinely used to grow certain pathogenic bacteria, which tend to have high
nutritional requirenents.

United States Department of AgriculturlUSDA)

Weed-suppressive Bacteria (WSBBacteria that have been screened for their ability to reduce
growth of weed(s) without negatively affecting desirable planthe bacteid used in this
project wasPsaidomonas fluorescersirain ACK55
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Executive Summary

ExecutiveSummary

Transportation departments face the looming challengew#rincreasingnvasive, annual grasses on
roadsides and rightef-ways.Downy brome (bheatgrassBromus tectorunt.) and medusahead
(Taenigherum caputmedusaél.] Nevskinegatively affect vegetation efforts on roadsides aadise
ecological disaster because they alter vegetation diversity and soil quiatitgase the use of herbicides
andtillage; and provide fuel towildfires. These twoannual weeds are extremely competitive with
perennial (desirable) grasses and other plants for available moisture and nutrients. They choke out
natives in the shrutsteppe habitat of the western United States rangeland; buildsffiet load; and
increasedire frequency and intensitypowny brome (beatgras¥and medusahead fuel wildfires that
can destroy property and may result in loss of structures and lives.

Road construction and improvements often provide newly disturbed land that is especially \alénera
invasion bydowny brome ¢heatgrasyand medusaheadrillage, residue burning and herbicides are
management practices available to land managers; however, these options individually have shown
minimal results at reducing theses weed populationsustaining desirable vegetation and healthy
ecosystems.

Within the soil microbial community, plamicrobe interactions abound and can be used in restoration
efforts. Naturally occurring soil bacteria can be used to reduce the competitiveness of weedhemd w
used in concert with present restoration efforts have the potential to change the vegetation to desired
species. Thistudy evaluatetiow weedsuppressivédacteria (WVSB; Pseudomonas fluorescesigain
ACK55ACKS55)can be applied in a roadside settittgreduce the competitiveness ofbowny brome
(cheatgrassand medusahead, increase plant diversity and reduce the wildfire threat.

These weegsuppressive bacteria:
1 are applied in the fall and establish in the soil microbial community as weather cools;

1 inhibit root formation, root growth, and tiller initiation of these weeds;

9 do not hurt native plants or crops;

1 grow well in fall and spring coinciding with the early root growth of fall annual weeds; and
1 grow along roots and deliver the weedippressive compmd.

The bacteriunPseudomonas fluorescesisain ACK55 (ACK3$RRL 50848), inhibits only:
1 downy brome ¢heatgrass);
 medusahead; and
1 jointed goatgras$Aegilops cylindrich).

Pseudomonas fluorescesisain ACK580es not inhibit economically imponté plants and does not
injure any native plant species found in the United Staidé®projectobjectivewasto obtain the data
needed to develop best management practices that incorpova®Binto programs that successfully
reducedowny brome ¢heatgrasyand medusahead, and +&stablish native populations for ITD
roadsides.
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WeedSuppressive Soil Bacteria to Reduce Cheatgrass and Improve Vegetation Diversity On fobViRaghts

The reduction oflowny brome ¢heat grasgby the WSBwvas evaluated on roadsides e84, 86 and
US95 in IdahoBacteria were produced in fall 2014, 2QEmHd 2016 for the field stlies. The bacteria
were freeze dried, vacuum packed and stored88PC until applied to the plots. The populationswiEB
were above log 9 for all sample packets. Efficacy was excellent and the minimum dose tonedtbit
suppressiorwas log 4.7.

Thedowny brome ¢heatgrasssuppressive bacterium was sprayed eacte plots adifferent locations
in the fall of 20142015 and 2016t 10 colony forming unitper m?. Becausehe locations in the study
had some seeded plants already establishedzapigimidazolinone herbicide,¢H;;N;Os. one
tradename is Plateauyas not used in this study as originally planndcteria were applied to eleven
locations at 7 sitesThree locations were roadsides on-8%5 five locations were or84 and two
locations wee on 186.

The vegetation at each plot at each location was monitored in the spring and fall of each year and
throughout the test period using Sample PoiBample Point is a method of monitoring vegetation using
digital images, a software package thalccdates percent coverPercent cover of species (native and
invasive), the total coveof vegetation, litter, rock, cryptogamic crust and bare soil were recorded. For
each location, theffect of the bacterial treatments on annual invasive grasses ang@atant growth
was determined. The rationships among these data and the variables of location, landscape, soil
characteristics, and climate was also investigaféue bacteria reducedowny brome ¢heatgrasgby

30to 97% one year after bacterial apgdtion. Although medusahead patches were evident in the
control plots, medusahead was not found in the bacterial plots.

The bestcase scenario for optimum use and greatest success in WsB#8pn Idaho roadsides consists
of the following six points:
1. Selecta site with a healthy, dense stand of desirable plant species, such as sheep fescue,
Sandberg bluegrass, crested wheatgrass, etc.
2. Select a site with moderate to low infestationaddwny brome (cheatgrassy medusahead.
3. Apply the bacteria to the site iate fall, when air and soil temperatures are belowk@nd rain
is forecast.
4. Apply 1 gallon of actively growiySBto each acre.
Apply a broadleaf herbicide in the springreeeded.

6. The bacteria take several yearsramluce downy brome (cheatgrassy medusahead

populations
Keyfindingsandrecommendationgrom the studyare asfollowswith additionaldetailsin Chapter3.

1 The timing othe WSBapplication is critical to the successful, leiegm reduction ofdowny
brome Cheatgrasy medusahead, and joied goatgrass. Late fall applications, when air and soil
temperatures are cool (below 8B), rains are prevalent and skies are overcast, have the highest
success.

1 Apply 1 gallon of actively growiMySBper acre. The carrier is water and the volume cargean
from 2 to 30 gallons.

91 Spring applications of the WSB do not lead to consistent suppressaowofy brome
(cheatgrasy medusahead, or jointed goatgrass because the conditions for WSB growth,
establishment and survival are soptimal.

o
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Executive Summary

91 After application the bacteria will be active in the soil for 4 to 6 years. Repeat applications may
be needed depending on the site and reoccurrence of weed populations.

I The success of the WSB relies on the interaction between the weed, the bacteria, and desirable

plants(native or near native). The greatest success with-femg reductions irdowny brome
(cheatgrasy medusahead, and jointed goatgrass has been on lands with mixed populations of
native plants and moderate weed infestations.

1 WSBsuppressdlowny brome ¢heagras3, medusahead, and jointed goatgrass at the seedling
(shoot emergencegtage and do not reduce the growth of established weed plants.

1 As WSB reducdowny brome ¢heatgrasy medusahead, and jointed goatgrass, voids are
created that broadleaf weedslfilSince WSB does not inhibit broadleaf plants, the site must be
monitored carefully. Often, the use of a broadleaf herbicide is necessary in the spring of each
year.

1 Knowing the site history is critical to restoration success and the use of all available
management tools is necessary to restore abandoned farmland.

1 Use of glyphosate, imazapic, or other herbisittethe fall reduces weed growtind seed
production Tillage is needed to allow weed seeccome in contact with thaoilso that it will
more qucklygerminate. Allowing the weed to grow only to thel@af stage followed by
glyphosate, imazapic, @notherappropriate herbicide application is recommended.

With the reduction of the annual grass weed, other plant species are more compeTitiedbateria
suppress weed roots at a time when the weed is increasing its competitive root groladgke
bacteria provide a novel means to reduce invasive weeds while limiting the need for tillage and
chemical use for weed contrdBecause of its selectivityhis bacterium can be used in management
of the invasive weeddowny brome ¢heatgrassand medusahead on ITD roadsides.
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Chapter 1
Introduction

Downy brome (cheatgrasBromus tectorunt..), medusaheadr@eniatherum capumedusadL.]

Nevski), and joirtd goatgrassAegilops cylindrich.) are exotic, annual grass species that negatively
affect cereal production in cropland; choke outine plants in the shrulsteppe of the western United
States rangeland; reduce sageouse habitat; reduce habitat father sagebrusklependent wildlife;

and increase fire frequency of these lands. The residue left from these three weeds increases the fire
fuel load, resulting in wildfires that destroy property and cause the loss of humaN#farally

occurring bacted from the soil and root surface have been found to inhibit these and other invasive
weeds (Kennedy et al., 19%ennedy, 20142014b,Stubbs et al., 20t&Kennedy, 2016§-%*°

These weegsuppressive bacteria:
9 are applied in the fall and establiginthe soil microbial community as weather cools;
inhibit root formation, root growth, and tiller initiation of these weeds;
do not hurt native plants or crops;
grow well in fall and spring coinciding with the early root growth of fall annual weeds; and
grow along roots and delivers the weadppressive compound.

= =4 =4 =4

TheWSBused in this studyPseudomonas fluorescesisain ACK55 (ACK3$RRL 50848), inhibits
only:

9 downy brome (cheatgrass),

1 medusahead, and

9 jointed goatgrass

The WSRIoes notinhibit economicallymportant plants and does not injure any native plant species
found in the United Statekennedy, 20142017, Kennedy et al., 2018a; Kenne@p18). @479

In longterm field trials in the western United States, applicationtwd bacteria resulted in almost

complete suppression of these fall annual grass weeds (Kennedy, 2013 Kennedy et al., 20186)

89 Few of these annual grass weeds remained in the seed bank 5 to 7 years after a single application.
Other plant spe@s became more competitive with the reduction in annual grass weeds. The bacteria
suppress weed roots at a time when the weed is increasing its competitive root growth and provide a
novel means to reduce invasive weeds, while limiting the need for tilagechemical weed control.
Because of its selectivity, this bacterium can be used in the management of the invasive weeds downy
brome (cheatgrass), medusahead, and jointed goat grass in rangeland, cropland, pasture, turf, sod
production, golf courses, roagldes and road cuts, construction sites, and rghtvays (road, ralil,

pipeline, electricalKennedy et al., 20184,
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Invasive Weeds

Downy brome (cheatgrasEigure 1), and medusahead (Figure 2)ext@tic, annual grass species that
increase fire fequency in the western United States (Whisenant, 1990; Haubensak et al., 2009; Balch et
al., 2013); reduce yields in croplands (Thill et al., 198dhiman & Miller, 199(nd replace natives in
rangelands (Thill et al., 1984; Duncan et al., 2004; RI@5a2 2005h)*0111231415161rhage weeds
negatively affect the shrubteppe habitat of the western United States by reducing the habitat for over
one hundred sagebrustiependent wildlife (Crawford et al., 2004), such as the sage grouse
(Centrocecus urophasian)s™® Downy brome (cheatgrass), medusahead and jointed goatgrass also
negatively impact recreational landSyncan et al., 2004; Rice 2005a, 2005b) and sacred Native
American lands that produce medical plants (Borins, 1998§*"*?

More than 200 million acres of sagebrush steppe existed in North America in the 1880s. Presently, 100
million acres of this habitat in the Intermountain West remain, but more than half of these acres are
infested with downy brome (cheatgrass) or medusati. Todaydowny brome (cheatgrass) can be

found in all 50 states of the United States of America, as well as many provinces of Canada and several
states in MexicdqFigure 3)Fire size, intensity, and frequency have increased dramatically with the
expangon of downy brome (cheatgrass) and medusahead infestations (Whisenant, 1990; Brooks et al.,
2004) Haubensak et al., 2009; Balch et al., 20¥35'9These invasive grasses quickly establish in
disturbed sites leading to monocultures of downy bro(okeatgrass) or medusaheadrapp, 1996

The spread oinvasiveannual weeds was estimated in 1995 to be an alarming 4,600 acres a day (Asher
and Harmon, 1995¥% The dead abowground biomass of downy brome (cheatgrass) and medusahead
leaves aifie, dense mat of highly flammable fuel susceptible to ignition, which accelerates fire cycles
(USGS, 20025 Downy brome (cheatgrass) and medusahead infestations not only increase the
frequency of wildfires, but also amplify fire intensity and sizekgon and Sullivan, 20089 Millions of

acres of shrutsteppe have also been converted to annual grasslands, further exacerbating the spread of
wildfires. In addition, roadsides and right of ways are invaded (or infested) with these invasive grasses
that increase seed production and transport of these invasive seeds throughout the west.

Rangeland in the western United States has also been invaded by medusahead (Rice, 2005b; Davies,
2010) and will continue to spread in ways similar to other invasiassgreeds Figure4). “"?" By the

early 1990s, 14 million acres of public lands in the Intermountain West were infested with downy brome
(cheatgrass), medusahead, or both; however, the area at risk of invasion by these two grasses is at least
another 60million acres.

Loss of sagebrush cover and increase in monoculture downy brome (cheatgrass)/medusahead stands
are detrimental to nesting, foraging, and survival of sage grouse and other wildlife (Wisdom and
Chambers, 2009%® A key step in restoratiois to reduce downy brome (cheatgrass)/medusahead
stands and establish native plant speciBarning, tillage, and herbicides have all been used with some
success at reducing grass weeds (Epankiiefi et al., 2009; Davies, 2018y2”Each, though, Haits
limitations and none appear to be successful in kemgn restoration.Ecologically sound tools are
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neededin restoration to reduce downy brome (cheatgrass) and medusahead standacilizhte
succession towards more native plant communities.

Restaation of annual grass weedfested systems is a daunting task due to the competitive nature of

the grasses; the slow seedling establishment of displaced native species; and the complex nature of the
variety and scale of invaded sites. Alternatively,ramdase in native bunchgrasses cover can reduce
downy brome (cheatgrass)/medusahealundance and competitiveness. Current methods such as
herbicide application and drill seeding native grasses have had limited success at reestablishing native
species andeducing annual grass weed abundance. There are several examples of larger scale
restoration projects that have shown promise (Davies, 2010; Benson et al., $0¥1yhus far, few
restoration efforts have reducedowny brome ¢heatgrass) populationg &arge enough scales

necessary to reduce wildfires that can lead to destruction of property, loss of life, and loss of habitat of
landscapdevel wildlife species.

The System

Bacteria from the soil and root surface have been found to inhibit downy broheagrass),

medusahead, and jointed goatgrass and provide a valuable tool to fight these invasive #edis (et

al., 2014)“ Building on the phenomenon of poor grass or cereal growth in the early spring, 20,000
bacteria were isolated from soil andats just after freezeéhaw events(Kennedy, 2014a, 2014b, 2018).

@38 Those isolates were screened in laboratory and greenhouse assays to obtain strains of bacteria that
were selective in suppressing the growth of grass weeds but did not inhibit begfiants, such as

cereals and native grasses. Those bacteria that were selective in their suppression were tested in field
trials. Several strains of bacteria were found that inhibited downy brome (cheatgrass), medusahead, and
jointed goatgrass in thadld, but did not harm crops or native planBseudomonas fluorescessain

ACK?55s one of those strains.

The WSBPseudomonas fluorescesigsain ACK55s a naturally occurring bacterium that produces a
labile compound that inhibits downy brome (cheatgrass)dmsahead, and jointed goatgrass, while not
hurting native plants or crops. The bacterium is applied in the fall and it is active in the soil below the
soil surface only during cool temperatures in late winter to early spring. The bacterium inhibits cell
elongation of the weed root, reduces root growth, and reduces tiller formation, which decreases the
weed competitiveness. By reducing the competitive ability of the annual grass weeds, the other plant
species are able to establish and grow, allowing thedséwoin and the beneficial plants to work

together to reduce further weed establismefithe WSRleclines with summer temperatures and will

not overrun the native soil bacterié isnot a compeitive bacterium, although it can survive in the soil
for up to 6 years after applicatioiihe WSBnly moves in soil by traveling on the growing root or with
water.

Hostrange studies, investigating more than 250 select pigrgcies, showed that only downy brome
(cheatgrass), medusahead, jointed goatgrass, and their accessions were significantly inhibited by the
bacteria Kennedy, 2014a The WSHuill colonize the roots of many different plareésid reside on the
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root or inside the plant cell wall butnmuter plant cell membranendoutside the casparian striit

does not enter the plant cell as it does not have the enzymes to break down the cell membranan nor ¢
it enter the plant stele, where the xylem and phloem reside. Witer\WWSBsuppresses roots, there are

no visible signs of pathogenicity or lesions, just stunted roots. The inhibitory compound is made up of
multiple compounds and is only active if all cavapds are present. The active compound breaks down
very readily and is not active in the soil soluti#teiinedy, 2014b}? The weedsuppressive compound
reduces plant cell elongation and is species specific. It only inhibits a few species of plaissand t
plant species are only grasses not broadleaf plants. The genes responsible for theuppegkssive
compound are found in many locations on the chromosome. Because of this, it would be very difficult
for the inhibitory compound to change and affectet plant species, such as wheat or native blue
bunch wheatgrass.

WhenWSBis sprayed on the soil, very fdvacteria survive on the actual soil surface due to the harsh
environment of UV light, low moisture, and extreme temperatures. Those badtest move down into
the soil by rain survive and multiply. ApplicationVdEBis best with fall rains to help the bacteria survive
and move with the water to below the soil surfa¢Eennedy et al2018a)” The WSBPseudomonas
fluorescenstrain ACK55umbers increase during cold temperatures, unlike most soil bacteria. On the
other hand, they cannot compete with soil inhabitants when soil temperatures are ab8G(R0F).
Pseudomonas fluorescesisain ACK58eclines in numbers above %D (50F) as there inhibited by
other, faster growing microbed®VSBis applied to the soil at rates higher than needed for weed
inhibition because, as with any introduced organism, there is a decline in population after application.
Thebacteriacan be applied to theddl as a spray, or coated onto native seed and then seed drilled into
the soil.

This bacterium/weed interaction does not follow the normal herbicide paradigm and it takes ACK55
several years to suppress the weeds (Kenn@g8) ® In the first few yeas after field application, the
bacteria inhibit plant growth and populations by 20 to 50% and this inhibition increases with time. In
cropland studies, the bacteria suppressed the weed and allowed the wheat to be more competitive,
which then in turn reduceé weed populations further. In loagrm rangeland field trials in WA,

application of the bacteria resulted in almost complete suppression of downy brome (cheatgrass) 5 to 7
years after a single application. With the reduction of downy brome (cheatgressje plant species
increased over time. In these studies, there was little suppression of downy brome (cheatgrass) in the
first year after fall application. The bacterium, however, also reduces the weed in the seed bank. In
addition, at each site the paations of more desirable plant species increase as the downy brome
(cheatgrass) becomes less competitive. The bacteria plus the native plant, turf, or wheat interact to
reduce the downy brome (cheatgrass).

A study funded by the Nature Conservancy exglovhether weedsuppressive bacteria could be
effectively used to reduce downy brome(cheatgrass) and medusahead across a wide geography; in a
variety of soil types; and in diverse climatic conditions in the shrub steppe ecosfiséamedy et al.,
2018b) © The integration of this bioherbicide into restoration plans was also investigated. Eleven
experimental sitesvere established in the Columbia Plateau and northern Great Basin ecoregions in

4
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sagebrush steppe communities containing these weeds. Thesersitade four in Washington: Moses
Coulee at Soap, WA, the Hanford Reach National Monument, and two locations in the Saddle
Mountains. Seven additional sites were associated with the EcologiRadlyd Invasive Plant

Management project in Adin, CElko, N/; Park Valley, UWarm Springs, [Burns, Jordan Valley, and
WAOPSNBRARSS hwod ¢KS LINP2SOGQa 202SO0GAQGS gl a G2 AYL
treatments based on ecological principles for management of invasive plant spatie&dbipm.org).
WhenPseudomonas fluorescessain D7 (D7) was applied to monoculture annual grass weed stands,
the downy brome(cheatgrass) and medusahead populations were suppressed by 50% three years after
application, but no further inhibition was observed inléaVing years. Instead, weed populations

recovered to prereatment levels by year 5. In contrast, downy brofoheatgrass) and medusahead
located in mixed stands of native or neaative plant species were inhibited at least 50% by year 3 and
additional weed inhibition (6680%) in mixed stands continued from year 3 to 5 while increases in
perennial cover were observed during this period. D7 was most effective inhibiting grass weeds when a
desirable plant was also present to compete with the decreasing grasd population and fill voids

created by the dead weeds. If desirable plants are not already present, D7 treatment can be coupled
with drill seeding of desirable plant species.

A gallon of actively growir§CK551 x 18 colony forming units mit) is the amount needed per acre to
suppress downy brome (cheatgrass) in 5 to 7 yééesnedy et al., 20184 After the application of

the bacterium, invasive weed root growth declines thus reducing weed competition allowing other
beneficial plant species toe more competitive. Both the bacterium and the beneficial plants aid in
reducing downy brome (cheatgrass) growth. This makes a good match for biocontrol, because root
adzZLILINB&aaAzy 200dzNE G | GAYS 6KSYy (KS-supBeSR@a NP2
bacteria include dollavalued changes in rangeland productivity for ranching, expected reduction in
firefighting costs, and reduced expected losses of infrastructure due to reduced risk of wildfire (USGS,
2002) “wildfires fueled by anndayrasses destroy large portions of greater sggsuse habitat. If
unchecked, this threat could dramatically affect the laagn conservation of sage grouse and other
rangeland specieCfawford et al., 2004§'® In addition, downy brome (cheatgrassyasions increase

the wildfire frequency, which leads to destruction of property and loss ofHifavever, there are many
other benefits that cannot be gauged in terms of market value. These include the value of ecological
services to the general publibdt would be lost or reduced in quality and/or quantity if specific areas of
landscape are allowed to transition to monocultures of invasive grasses. These ecological services
provide benefits in the form of wildlife viewing and hunting, recreational opputies, water quality

and quantity regulation, and the bequest value of knowing that sket@éippe ecosystems are

maintained for future generations.

The Bacterium

Pseudomonas fluorescesigain ACK55 is a motile, Gramagative rod. This bacterium was atad from

agricultural soils near Pullman, WA in early spring of 2001 during a thaw after a hard(eenedy,

2014b).? It has two polar flagella and a thick exopolysaccharide coafilmi(e5). Taxonomically, it is

identified asPseudomonas fluoresnsd A 2 @I NJ LL 2NJ W. Q 3INRdzL) s AiGK az2yvy$s
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from MIDI analysis and it grows within pH 3.8 and 8.5. The temperature range for groAM@K&5

alone in pure liquid culture is fronfQ (32F) to 36C (86F) with a growth temperatre optimum of 8C
(46°F).Pseudomonas fluorescessain ACK55 survival temperatures in soil differ from those in pure
culture due to competition from predators. Growth in soil occurs betwe¥d (832F) and 18C (506F)

with an optimum growth temperature fo4°C (39F).Pseudomonas fluorescestsain ACK55 is an

aerobe, but can function as a facultative anaerobe with nitrate as the substrate. It produces a large
molecular weight compound with tertiary structure that inhibits lipopolysaccharide productiorcalhd
elongation in the roots of accessions of downy brome (cheatgrass), medusahead, and jointed goatgrass.
The active fraction complex is highly labile and can only be partially purified. The compound contains
chromopeptides, other peptides, and fatty da@sters in a lipopolysaccharide matrix. Separation of any
of the components from the complex resulted in nearly complete loss of activity against downy brome
(cheatgrass), medusahead, and jointed goatgrass. The genes responsible for thewppezssive
compound are found on the chromosome at multiple positions, all of which are needed for activity.
Pseudomonas fluorescesigsain ACK55 has no affitingal activity and no antiacterial activity

(Kennedy, 201& 2014, 2018) #*® Pseudomonas fluorescesisain ACK55 does not produce Type 1, 2,
or 3 secretions and does not produce enzymes that degrade plantstisdomonas fluorescestsain
ACKS55 reduces root growth by producing a suppressive compound that negatively affects lipid
biosynthesis in theaot. This inhibition is specific and inhibits cell elongation and tiller initiation. The
bacteria can survive on crop residue in the soil and then move to the seed or growing roots. It survives
well on roots, but is dormant at soil temperatures abovéQ@I7°F).Pseudomonas fluorescesisain
ACKS55 needs to survive below the soil surface in order to suppress the weeds and requires some
moisture to increase in numbers sufficient to cause weed inhibition.

The Genu®seudomonas

Pseudomonaspp. are ubiquitousn the environment and can be found not only in the soil and water
but on surfaces, plants, insects, and animals. The species in this genus are generally nonpathogenic and
are usually involved in disease suppression or cycling of nutrients. The Besulemonashas been
divided into five groups based on metabolic characteristics and rRNA/DNA homBadigydni, 1984

(Y More than 20Pseudomonaspecies have been isolated from human clinical specimens. Chen et al.
(2012)*?list four organisms, whicbause the majority of infectiorPseudomonas aeruginosa

(homology group 1) is the primary cause of #@ldted pneumonia and osteochondritiB; cepacia

(group II; now known aBurkholderia cepac)ecauses foot rot in military troops and infections in

children with cystic fibrosis?. pseudomallégroup Il; now known aB. pseudomallgicauses melioidosis
in sheep, goats, horses, swine, cattle, dogs and cats, and is endemic in southedt isigeigroup I,
now known a$B. malle) causes glanders,sgrious infectious disease of mainly horses, and also
donkeys, mules, goats, dogs, and cats (not found in the U.S.; common in other parts of the world).

The majority of pseudomonad infections are caused®bsgudomonas aerugino$aDC, 2013 These
pseudomonads are prevalent in our environment and exist without being a pathogen. They do cause
infection in the weak or ill, pneumonia in patients on breathing machines, and infections to burn victims
and those with puncture wounds. In moist environmerisls as swimming pools they may cause skin
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NI} aKSa>X aagAYYSNRAE SINE YR SeS Ay Tiséudommangsia @ / @ aiA
aeruginosanfections in their lungsLpezCausapé et al., 201.3* Pseudomonas aeruginog&an
opportunisticorganism, and in most cases only causes infection in those with compromised immune

systems.

Pseudomonas fluorescease abundant in the environment, growing mainly in soil, water, and on the
surfaces of plants (Palleroni, 1984; NCBI, 2013; Hol et 4B) 28specially the rhizosphere (Rainey,
1999) #1323 pseydomonas fluorescessains are common colonizers of potable water treatment
and distribution systems (Geldreich, 19%8} They are colonizers of soil, residue, and roots; and are
found in high numbers in every soil type (Cldgsserand et al., 19993 They also exist on and within
insects and animals and are involved in the release of immobilized nutriesgsidomonas fluorescens
are involved in biological control of diseases anthganistic microbesHowell and Stipanovic, 1979;
Weller and Cook, 198&astrillo et al., 2000; Dekkers et al., 2000; Mazzola et al., 2007; Shalini &
Srivastava2007).404142434443rhay are rarely considered pathogens.

There are five biotypes diiovars ofPseudomonas fluorescewith multiple properties used to
differentiate among them (Stanier et al., 196%lleronj 1984) “® *)Their optimal growth temperature
is 2530°C (7786°F), but they may grow at temperatures as low &6 439F). Tley are rarely found in
clinical settings; however, as many are considered psychrotrophic. Many products provide an
environment for bacterial growttPseudomonas fluoresceare often responsible for spoilage of
refrigerated foods, especially dairy, egghfiand meat products (Molin and Ternstrom, 1986;
Sillankorva et al., 2008§"**However, there are other strains Bseudomonas fluorescetimt thrive
only at the lower temperatures.

Pseudomonas fluorescehave the ability to form biofilms undenariety of growing conditions on

FOA20A0 adzNFI OSa 0 h QligeikiitefacésyaRd aligRid itke®fatEs (Spidrspat al.> a2 € A
2003) “**9Bijofilms are better able to withstand competition from other organisms, are less likely to be
displaced from a surface through physical means, are better able to resist predators, and are

physiologically different from fredving cells of the same bacteria; however, they have the disadvantage

of being unable to escape detrimental growth conditioBgiérs et al., 2003§°

Pseudomonas fluorescepkay a number of diverse and beneficial roles in the environment. They are
valuable in agriculture due to their ability to reside in the rhizosphere of plant roots, obtaining nutrients,
and protection fran the plant and in turn helping to protect the plant from environmental toxins and
pathogensSeveral strains d?seudomonas fluorescehave shown antifungal activity against a number
of plant pathogens, includingusariumsp.,Curvularia lunataand Bipdarissp., as well as
Helminthosporiunin laboratory studiegShalini & Srivastava, 20079 Pseudomonas fluorescesisains
inhibit the fungal pathogei®ythium while increasing root and shoot weight of p&asum sativum

plants’ (Naseby et al., 2001®Y Pseudomonas fluoresce8§101, biovar I, protects hyacinth bulbs from
root rot caused byPythium intermediunfdeSouza et al., 2003}? Pseudomonas fluorescesisain
WCS365 controls foot and root rot of tomato causedrgarium oxysporuri sp radicislycopersic?
(Dekkers et al., 2000¥? Pseudomonas fluorescepmduce 2,4 diacetylphloroglucinol (DAPG), an

7
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antibiotic that inhibits takeall disease in wheat caused by the pathog@eumannomyces graminar.
tritici (Cook et al., 19955 Meyer and Collar (2009) showed that DAPG inhibited many of the
nematodes they tested, and that heptant resistance to certain nematodes might be stimulaf&d
Pseudomonas fluorescessain SS101 has shown the ability to conBgthiumroot rot in flower bulbs
(deSouza et al., 2003), wheat and apple seedlings, and rootstock (Mazzola et al.(2¢0)7)
Pseudomonas fluorescesigain 5 (PH) inhibits the soiborne plant pathogenfhizoctonia solani
(Howell and Stipanovic, 1979) aRgthium ufimum (Howell and Stipanovic, 1980)-Pproduces
numerous antibiotics that are secondary metabolitéd. > Paulsen et al. (2005) sequenced the entire
genome of Pb. (56) Multiple strains ofPseudomonas fluorescehave been isolated that inhibitedhé
phytopathogensAlternaria solaniCurvularia lunataFusariunsp.,Bipolarissp. andHelminthosporium
sp* (Shalini &Srivastava2007) 4%

Certain strains of. fluorescenproduce secondary metabolites (Trippe et al., 2013) that inhibit soil

borne plant pathogens and prevent fungal diseases (Cook et al., 1@55’?.)Pseudomonas fluorescens
species have been used in other applications, including pharmaceutical production, snow making, frost
protection for strawberries, and disease protection &mples. IcenucleatingPseudomonas fluorescens
were discovered to reduce Colorado potato beetle cold tolerance, and may have potential as an insect
biological control agent (Castrillo et al., 2008 Aminopeptidase produced 1. fluorescen® ““**has

been used as an additive to dairy products for debittering milk that had been contaminated by other
Pseudomonas fluorescesigecies (Gobetti et al., 199638) P. fluorescenare responsible for producing

the antibiotic Mupirocin, used to treat infectns caused by MethicilliresistantStaphylococcus aureus
(Thomas et al., 201df9)The naturally occurring straifseudomonas fluorescef@L145A) is used to
produce Zequanox, an aquatic biopesticide shown to be effective in controlling invasive mdbra a
guagga mussels. It was originally isolated from river soil in the northeastern United States (Molloy et al.,
2013) €0

Pseudomonas fluorescesisains have been alleged tause hemorrhaging and lesions in catfish
hatcheries (Meyer and Collar, 1964y Many, but not all, of the growth characteristics of the causal
agent were similar to those éfseudomonas fluorescerkhese incidences were only found in
hatcheries where the populations are too high, temperatures are elevated, or the hatchlingméec
stressed. The disease was easily controlled by removing stressors. FBgbedomonas plecoglossicida
is a fish pathogenic species that is often confused ®Wghudomonas fluorescer®seudomonas
fluorescengs considered to be only mildly hazardoashumans, and generally only harmful to those
with compromised immune systems such as cancer patients and those with immunodeficient diseases
like lupus Pseudomonas fluoresceissconsidered to be newirulent relative to other Pseudomonas
species; althagh it has been linked to some infection often the causal agent is misidentified and is
considered a secondary invader present after the initial infection. Cases of exogenowipsiision
septicemia in patients may be controlled through more thoroulgaing of blood donor arms (Puckett
et al., 1992)®? Hsueh et al. (1998) reported on four hospital patients with infection caused by
Pseudomonas fluorescetimt had not received blood transfusions, and concluded that rapid
identification of less commopathogens was critical to preventing an outbreé&k Pseudomonas
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fluorescensnfection was reported in the United Kingdom in a bone marrow transplant unit after being
spread through a contaminated drinking water dispenser (Wong et al., 2611 2005, there was an
outbreak of loodstream infections caused B fluorescensontaminated syringes filled with
intravenous catheter flush (CDC, 200%) This outbreak was due in part to what was initially identified
asPseudomonas fluorescenmt waslater identified asa specific biovar d?seudomonas fluorescens
Pseudomonas putidd hese few incidences are rare aRgeudomonas fluoresceare not considered to
be pathogenic in most environments.

Pseudomonas fluorescesigains are naturally occurrip ubiquitous in soil and the environment, with

only limited reports of its ability to cause disease in humans of which occurred under extremely
opportunistic conditiongGilardi, 1972)°® Pseudomonas fluorescesisains are prevalent in the normal
environment with only rare human disease associations of a distant relative ofndktorescens

strains. Of the more than 4000 articles found in a literature searéfsetidomonas fluorescens

pathogen, and animal the majority refer Rseudomonas fluoresegas a biocontrol organism or a plant
growth promoter 28 Howell and Stipanovic, 1979; Weller and Cook, 1983; Kennedy et al., 1991,
Castrillo et al., 2000; Dekkers et al., 2000; Naseby et al., 2001; Mazzola et al., 2007; Shalini & Srivastava,
2007) “0411:4243514445pga domonas fluoresceused in biocontrol situations are generally found in the
first three biovar groups where note&undh et al.Z011) found thatPseudomonafluorescensvere
nonpathogenic and lacked the virulence factors of otplant pathogens®” Pseudomonas fluorescens

that may be considered pathogens are found on the surfaces of moist environments or as a secondary
invader in sick animals or humans. Theseudomonas fluorescepsduce antibiotics, Type Il or IlI
secretions or enzymes that lyse cells. While few report the biovar designation of tResedomonas
fluorescensthey are classified as biovar G or H and/or are closely relatBdéadomonas putida.

ACKS5S5 is only distantly related to these bacterial strains bec#is a biovar B with no type 3 sections;

has minimal protein in the cytosol; and possesses no ability to lyse cells. Identification of strains of
Pseudomonas fluoresceimsbiocontrol studies is needed before release into the environment to
determine bovar designation and to limit the use of a potential human or animal pathogen for
biocontrol.

ThePseudomonas fluorescestain under consideration, ACK55 is identifiedPasudomonas

fluorescen® A 2 @+ NJ W. Q 6 G & LIS L L 0 PskugiRonds autidaoSB/ Bidrdsc@heP.t @ RA & G |
putida complexThe additional screening performed to select this bacterium was extensive to rule out

any harmful antibiotic, cellytic enzymes or protein production by this strainRfeudomonas

fluorescens

Field Studes

The prospect of finding a successful biocontrol agent to manage weeds has its skeptics, perhaps
because researchers have prematurely spoken or published on finding a pathogen of a problematic
weed before conducting extensive, ntarget studies, onlyd find later that the microorganism

inhibits more than just the target weed (Cordeau et al., 2016; Ghosheh, 2868)t is not difficult to

find bacteria or fungi that can inhibit weed growth. However, it is a completely different matter to find
microorganisms that specifically suppress a weed and do not harm any other flora or fauna. A defining
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characteristic of a good herbicide is its selectivity. The same criterion must be paramount in the search
for biological control organisms. Deleterious rhiaoteria were identified in the 1980s, and strains

that could inhibit various crops and weeds were folfkdemer et al., 2006; de Luna et al., 2005; Nehl

et al., 1997; Kremer, 1986, 1987; Frederick and Elliott, 1985; Suslow and SchrothhbL9&3)

bacteria were screened across many plant families or studied extensively in the field over multiple
years 0717273741598 ccyrate conclusions cannot not be drawn without performing a comprehensive,
methodical study of the effect of a biocontrol candielan both smaHland largescale studies over

many years in the field. Naturally occurring soil bacteria have been identified that specifically inhibit
the growth of various invasive weeds by targeting the seed Ilfideknedy et al., 1991, Kennedy,

2016).49

Thebacteriawere applied to the soil as a spray, or coated onto crop or native seed and planted beneath
the soil surface at levels of 2 x*1€ 10" colony forming units hectare (4 x 16°to 10" colony

forming units acré; Kennedy et al., 199. " The timing of ACK55 application is critical to the success of
reduction and removal of downy brome (cheatgrass). The harsh environment of the soil surface
(ultraviolet light, low moisture, high temperatures) limits survival of ACK55. Howeve KH5AE

mobilized down into the soil by rain or even melting snow, they survive Retludomonas fluorescens
strain ACK55 is applied in the late fall when air temperatures are beld@ (B0F) and rain occurs

shortly after application to ensure movementihe bacteria into the soil where it can survive and

flourish. These weeduppressive bacteria inhibit invasive grasses at the seedling stage and during early
shoot emergence. The bacteria cannot significantly inhibit the growth of actively growing oramat

plants. Herbicides can be used to reduce mature downy brome (cheatgrass) plant growth and limit the
addition of new weed seed into the seed bank. ACK55 can be tank mixed with most herbicides;
however, surfactants that are soapy or oily and adjuvané #re added to kill microbial growth may

also kill the weeesuppressive bacteridt may also be more cost effective to apply the herbicide without
the bacteria earlier in the fall and/or later in the spring.

It may take ACK55 several years to suppressiainveeds (invasive grasses) as the bacteria inhibits
germinating (emerging) weed seeds in the seed bank. In the first few years after field application, ACK55
inhibited downy brome (cheatgrass) growth by 20 to 50% (Kennedy, 28THe inhibition inceases

with time, reaching maximum weed suppression 5 to 7 years after application. In winter wheat fields,
suppression of weed growth by ACK55 allowed the wheat to be more competitive, which in turn

reduced weed populations furth€Figure 6)In one fieldtrial, winter wheat yields increased by 33%

with the application of the bacterigkennedy et al., 1991% Thisincrease was equivalent yields in a
weedfree control.

The bacterium must survive to reduce the downy brome and if the bacteria is apphiect lwe during
sunny weather (and in temperatures exceedind@@50F), little to no downy brome reduction $gen
(Figure7, Kennedy, 2017 In longterm field trials in WA, spray application of the ACK55 resulted in
almost complete suppression ofd@ny brome (cheatgrass) 5 to 7 years after a single bacterial
application when a crop or perennial species were pregeigure3, Kennedy, 200)8Monoculture

downy brome (cheatgrass) plots only reached 50% inhibition with ACK55 when no native seed was
present to further stress the downy brome. A desirable plant is needed to further compete with the
downy brome ¢heatgrass)The most significant factor in using these bacteria effectively is the timing of
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application (Stubbs et al., 2014) The bacterialburish in cool soil temperatures below BD. They are
sensitive to UV light and reproduce very poorly in warm, dry conditions. To obtain optimal weed
inhibition, bacteria must be applied in the late fall or early winter to cool soil during overcast period
when rain or snow is in the immediate forecast. Without the water to move the bacteria down into the
soil, many of the bacteria perish because they simply cannot survive the harsh conditions of the soil
surface.The timing of application cannot be compnised.

Inhibition of target species did not occur immediately. In fact, after application, visible suppression of
the weed was not usually evident until year 2. By year 4 or 5, however, weed presence was significantly
reduced, the weeds were short and sted, and very few seeds were produced per weed. Ideally, as

the weeds disappear, desirable plants are able to fill the void, flourish, and prevent the return of the
weed. Occasionally, the void left by the weeds is filled by undesirable broadleaf wekdssarch

cases, broadleaf weed herbicide application is necessary. The growth and persiftBseeidomonas
fluorescens straiD7 andPseudomonas fluorescens strain RX3 in soils are very slarito ACK55

(Kennedy et al., 1991; Stubbs et al., 201ehedy, 2016;)**>)

The effectiveness of weeslippressive bacteria on lands with differing levels of weed infestation is
evident Figure8; Kennedy2018) ) In the first year after application of ACK55, little to no reduction in
the downy brome (ckatgrasspopulation was observed. The greatest amount of reduction was in the
winter wheat fields, but the reduction was less than 20% of the control population. Initially, this limited
inhibition was disappointing when compared to normal herbicide appba that provides immediate
visual reduction in the above ground growth, but in subsequent years, a 50% reduction in weed
population was observed for all three strains. By year 6, maximum inhibition was observed and the
annual grass weeds in pastures,aalfields and mixed stands were reduced to negligible levels.
Treatments of monoculture weed plots resulted in a 50% reduction of weeds by year 6. Clearly, an
application of weeesuppressive bacteria may not be enough to eliminate grass weed monocultures.
Repeated application of the bacteria in years 3 or 6 coupled with herbicides, light tillage to stimulate
germination of the weeds, followed by herbicide application and/or the introduction of native or near
native plant species by drill seeding may beuieed to control growth of monoculture stands of
invasive weeds.

Although it may takéACK5%everal years before significant weed suppression is apparent to the naked
eye, in the first few years after field application, studies show the bacteria inhdatwgrowth by 20 to
50%(Kennedy, 2018f® The inhibition increases with time, reaching maximum weed suppression three
to six years after application. In winter wheat studies, the bacterial suppression of the weeds allowed
the wheat to be more competite, which inturn reduced weed populations further (Figuse In long

term rangeland field trials in WA, spray application of the bacteria resulted in almost complete
suppression of moderate populations of downy brome (cheatgrass) (Fyumeedusahead {§ure 10),

and jointedgoatgrass five to seven years after a single bacterial application when perennial species
were also present. Roadside application of the bacteria also resulted in a sharp reductmanyf

brome (cheatgrasswhich stimulated the gowth and establishment of perennial grasses that reduced
soil erosion and fire potentigFigure 1, 12.
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Perhaps the most effective treatment couples the etime application of herbicides, such as imazapic
(imidazolinone herbicide, gH;-NsOs; one tradename is Plateau) or glyphosate-(phosphonomethyl)
glycine; one tradename is Roundup)ith the bacteria. If herbicide, like imazapic, is applied when native
perennials are dormant, but the weeds are still growing, the herbicide kills the growing waegd ph

the soil surface and the bacteria inhibit the seeds and seedlings below. This combination leads to a rapid
reduction of the target weed to neaconomic levels within just a few years, especially if beneficial
grasses and other plants are presenpicupy the voided areg&igure B; Kennedy, 2018f° The
weedsuppressive bacteria/herbicide combination aerially applied can be also extremely effective in
creating fire breaks around infested lands that cannot be treated by ground application. Jdmtseia
assist in the fight against wildfires by establishing swathes of virsedareas that serve as fire breaks
that slow down or stop the rapid progression of wildfires.

The use of biocontrol agents to inhibit the growth of weeds is not novel. Tineepd of searching within
the entire soil microbial population to find naturally occurring bacteria that work at the seed bank level
to inhibit weeds and do no harm to other organisms is still young. The approach takentilered

bacteria nativeand ndurally occurring irthe areaby simplyreappliing it backinto the soil at higher
numbers during a time when the target weed was most susceptible. The bacteria identified here are
easy to propagate and very suitable for laiggmle application.

Weedsuppressive bacteria can be sprayed by hand, agricultural ground spraying equipment, and
aircraft. The bacteria can be coated on desirable seeds and then seed drilled into the ground. In all
cases, when applied properly, excellent results have been achiBe¢id the bacteria and the desirable
seed, once drilled into the soil, are protected from the harsh environment of the soil surface. Both come
in contact with soil and the accumulation of the limited soil water. Bacteria flourish on the desirable
plant roots and spread throughout the soil. The bacteria suppress weed root growth, allow the desirable
plant to take up more water and be a competitor of the weakened weed, further inhibiting weed

growth.

The selection and screening process resulted in the isolati ACK55. Further testing may identify

unique, subtle traits that differentiate other strains and may single out strains that are more effective in

some conditions than others. For example, one strain demonstrated a slightly higher temperature

toleranced t SNKI LJA GKA&a aGNIXAyYy gAff 6S Y2NB | LI AOlLof S
necessary to carry forward multiple isolates and continue testing rather than trusting one organism to

do it all.

The utilization of naturally occurring bacterraweed control is in its infancy. These invasive weeds that
infest pasture, cropland, and rangeland and illustrated the successful use of these bacteria to reduce the
select weed populations in the field without harming the normal biota. This work expamgsevious
research on suppressive bacteria for the same three weeds (Kennedy et al., 1991; Stubbs et al., 2014)
and for annual bluegrasskénnedy, 2016)"*3 Moreover, it emphasizes the weeslippressive
methodology and selection process can be dieddtoward many, if not all, undesirable weeds.
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The addition of a synthetic herbicide to decrease weed growth further hastens the reduction of downy
brome (Data not shown). At each treated site where the bacteria reduced downy brome, the
populations of moe desirable plant species increased as the invasive weed became less competitive.
The bacteria, synthetic herbicide, plus the native plant, turf, or wheat interact to reduce the downy
brome (cheatgrass). When applied to a pesldfire site, these weeguppressive bacteria can reduce

the downy brome (cheatgrass) populations and allow desirable plant species tak@-lmplce B). As
ACKD55 reduces downy brome (cheatgrass), voids are created that other weeds, especially broadleaf
weeds fill, and broadleaf hbicides are necessary and should be applied in the spring of each year.
Restoration and ridding an area of the invasive weed, downy brome, is 4dongindertaking that
involves bacteriaveed-plant-herbicide interactions, kilepth planning, and adaptivalanning.

Sustainable crop production, and pasture and rangeland improvements will benefit from research
directed toward the discovery, characterization, and utilization of soil bacteria that selectively suppress
grass weeds. The soil contains wergbpressive bacteria that that are extremely selective, well

matched to the weed(s) of interest, and do not harm other members of the agroecosystem. These
bacteria easily and successfully fit into invasive weed management plans in roadside, cropland, and in
rangeland restoration effortsWeedsuppressive bacteriaan reduceand @mplementsynthetic

herbicides gxpandoptionsin weedmanagement, reduce state agency, farm, and ranch casts,
encourage thaiseof ecologicallypasedsystems Weedsuppressive bacté work within the seed bank
and reduce weegeed emergence. These bacteria pair well with synthetic herbicides that kill mature
plant growth that the bacteria cannot suppress. In addition, synthetic herbicides can also be used on
broadleaf weeds that arésin the void created by the reduction in downy brome (cheatgr&is)ogical
controlagentssuch as thesshould reduce weeds effectively and economically, reduce weed
management costs, and lead to greater sustainability.

Weedsuppressive bacteria prailé novel tools for weed management. When bacteria are applied in
concert with native seed and the correct herbicide is applied at the optimum rate and timing, the seed
bank of the target weed is depleted and weed populations decrease to near zero-SMpa@ssive

bacteria have an essential place in roadside, agriculture, and rangeland weed management by providing
novel ways to reduce weed populations, reduce annual herbicide use, protect roadside soil from
erosion, improve crop yields by limiting invasieeds that can lead to sustainable crop production,
improving rangelands by increasing plant diversity, and enhancing forage quality by fostering the return
of native bunchgrasses and forbs. Weménagementnd restoration efforts will benefit from the

addtion of bacteria that selectively suppress weeds.

Objectives

Theoverallprojectgoalwas to obtain the data needed to develop best management practices that
incorporate weedsuppressive bacteria into programs that successfully reduce downy brome
(cheatgass), and reestablish native populations.

The project objectives were to:
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1 Demonstrate the inhibition of downy brome (cheatgrass) growth by the application of downy
brome (cheatgrasssuppressive bacteria to largecale field trials to reduce the compétiéness
of downy brome (cheatgrass); and increase vegetation diversity,

9 Evaluate the relative success of the bacteria on downy brome (cheatgrass) populations, on
native plant establishment and the success of the bacteria at research sites and,

1 Compile rsults of this research into a written report and incorporate this new tool into an
integrated vegetation management plan for ITD or other DOT programs.

Methodology

Bacterial Grow Out

The grow out of the bacteria was conducted on solid medium in Dr. Kefngdy | { 5! € I 62 NI (2 NE®

field studies, a culture d?seudomonas fluorescesisain ACK55 from cryostorage was plated onto
Tryptic Soy Agar (TSA) (Krieg, 1981) a Petri dish and grown for 2 days af@72F). Bacterium from
the Petri dish was sl to inoculate Tryptic Soy Broth (TS®rieg, 1981)Y"” This mixture was grown
for 32 hours to midog stage a22°C 72°F). The bacteria were propagated2#’C {2°F) inTryptic Soy
Brothmaintained at pH 6.5 to 7.5.

An aluminum pan (9 x 13 inchesith a sliding aluminum lid was lined with autoclavable paper (16 x 24
inches). Twelve magnets secured the paper to the bottom of cake pan to fit flat and tight against the
bottom and corners while overhanging the sides. The lid was placed on pan anthéhpan, paper,

and lid were autoclaved on the dry cycle for 25 minutes at 16 psilaa8iC249°F. The magnetics were
removed aseptically and 500mL of sterile TSA was poured into the pans. The agar surface was made
level to cover the bottom of the ent pan. After 24 hours, 7 mL of inoculum was added to the surface
of the agar and spread using a sterile hockey stick. The pan was incubaté€ §t2E)for 7 days. The
bacterial cells were then scraped off the surface of the agar and placed in plagscThe cells were
spread into a thin shell layer in the bag, placed on a solid surface, and then froze30RCg112°F)
freezer. After the thin layer was frozen the cells were freeze dried for 16 hods2 4T {62°F) and2.0

MPa pressure. The fezedried cells were aseptically crushed into powder. Ten grams of the cells were
place into paper bags and vacuum packed. The vaeguagcked cells were stored in-80°C {112°F)

freezer until the appropriate time for fall application.

Root Length Agar Bassay

Before any studies could be initiated, the root length agar bioassay was used to test the effect of the
bacteria on the various species and cultivars of perennials seeded on ITD roadsides ayuf viglys

Sheep fescu@-estuca ovina.)was the man species being tested. The root length agar bioassay was
modified from Kennedy et al. (1991) One milliliter of midlog bacterial growth in TSB was dispensed

onto solidified, sterile water agar (0.9%) in 100 xif Petri plates for testing small sggor 150 mL

beakers with aluminum foil caps for testing larger seeds. One milliliter of sterile TSB broth was used as a
control. After allowing the liquid culture to absorb into the agar for 3 to 4 hours, 10 seeds were placed

on the agar surface. The seediere fromdowny brome (cheatgrass), medusaheadnter wheat, blue
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bunch wheatgrass, crested wheatgrass, annual bluegrass, and from plant specésenéipg
taxonomically diverse genera (Wapshere, 19Y#)Many of the plant species tested were lidtby the

U.S. Environmental Protection Agency (USEPA) as the tap&]br agricultural crops because of their
economic importance, ecosystem activity, or total production values (USEPA T2iié4t). ™ In

addition, testing included other economicaligportant plant species of the area, native and near native
plant species, and those plants known to be involved in ecosystem maintenance to make certain that
the weedsuppressive bacteria were specific. In agronomic ecosystems, the major crop spedts are
primary interest; however, for rangeland, the main focus of biological control was in native er near
native grass and forbs.

The bioassay plates were incubated in the dark 4C1&9F) for 6 days. The 16 (59F) incubation
allowed the test bacteriand the plant species to grow, but limit the number of other microorganisms.
After 6 days, the length of the longest root from each seed was measured. Two replicate plates per
isolate were used and each bioassay was conducted at least twice. The desietits used by ITD
were not inhibited by the bacteria.

Field Site Selection

Sites that were moderately infested with downy brome (cheatgrass) and possibly medusahead were

identified and chosen by Cathy Ford and District staff from Districts 2, 3, 4d&hio. The various

roadside locations were 0R84/1-86 and U5 with different habitat types. ACK55 was compangtth

a noninoculated controht each location. Plots were 1 acre in size in a rectangle that fit the study site

the best. The study sitesese all located within an area that had medium to low populatiordofvny

brome OKSF §aANFaa0o YR Y2ald 6SNB LINBgZgAz2dzate aSSRSR {K
placement of these sites and the Maintenance Personnel were informed prioetaghlication.

Bacterial Application

The downy brome (cheatgrassjippressive bacterium was applied as a spray for a final bacterial
concentration of 18colony forming units (cfu) i Two 10 gram freezdried packets were used for

each acre. Each packess diluted in 1 liter of tap water and shaken overnight. The 2 liters of

suspended cells were added to spray tank with 20 gallons of water per acre was used as the carrier. Cells
were sprayed using two Boomless spray nozzles at 4.5 feet height withl avtdta of 36 inches. The

bacteria were applied at 5 x ¥colony forming units per acre. At some locationd0X application was

applied as well.

Site Monitoring

The survival of th&/SBin the solil, plant species (native and invasive) density aoath parameters

along 10 m transects (within the bacterial application areas and selected control plots) were monitored
each year over a period of 2 years. Monitoring of the plots, however, needs to continue for 5 to 7 years
after application to determinghe longterm effects of the bacterial application on vegetation diversity.
Field data were collected in the spring of each yfeam 8 random 1.0 rhsubplots in each pladt the

eleven locations. Sampkoint field data were collected in the spring arall fof each year. Precipitation,

soil moisture, and soil and air temperatures were also collected over the multiyear project.
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Sample Point

Sample Point is free software for point sampling of digital images for analysis. Sample Point was
developed by Berryan Consulting in cooperation with the USDA Agricultural Research Service and the
USDI Bureau of Land Management. A Standard Operating Procedure was developed for the use of
{FYLES t2AyG un (2 Rhe ihé badteri@weré Applied] FamiPrdnkréducesitieS & &
time, expense, and number of people needed to monitor the locations (Appendix A). The percent cover

of species (native and invasive), weeds (medusahg@adny brome orcheatgrass) other annuals and

perennials was assessed using SarRuoiit (Booth et al., 2006

Foliar and land cover measurements from nadir imagery can be quantified by using either a systematic
grid form or random array of up to 225 crosshairs targeting single image pixels allowing for manual
classification of thee pixels. Plant species and/or land forms are labeled by the user. The image can be
viewed at various magnifications at the same time to facilitate understanding the picture at various
levels. Data are saved into an Excel spreadsheet automatically. SAoiptenalysis reduces analysis

time, cost, and environmental stress of operatorbe standard operating procedure is logical and fairly
easy to learn (Figure 14T.he digital monitoring technique requires less time, fewer people, no prior
experience obperators, minimal time in extreme temperatures, wind, rain, and insects in contrast to
the traditional groundcover measurements. The variation among Sample Point users was found to be
about equal with that of users of the liq@oint intercept. Data vetiability and the capability to
AaA3AyAUOryGte AYyONBFrasS al YLX Ay3 NBLIX AO!I dbGsgd  NBE | Se@
monitoring. A permanent photographic record is obtained and this reducesrakded variation in the

data. cover measuremés across years is possible. The method also removes-opdtator variation

across years.

For monitoring using Sample Point the following items are needed:
1 alx1meter PVC frame with frame to support camera and a pony leg to steady the upper frame
in winds (Figurelb)
9 a 3inch angle iron secured to the underside middle of the main top PVC bar by two circular pipe
clamps, (The thumb screw fits through the hole in the angle iron to the camera on the other side.)
1 Extra ¥ inch common thumb screws thairfithe bottom of the camera (because they drop on
the ground and are lost)
1 Digital camera with more than 17 megapixels and GPS capability, remote picture taking, female
screw threads in the bottom of camera to secure camera to frame
a I-meter stick for meauring inside the frame bottom to ensure the inner square is exactlz 1 m
a 12inch ruler to normalize all pictures
a mallet to put together and take a part the frame
a ¥ and 5/8nch socket wrench to ensure the camera mount (the 2 pipe clamps) are tight a
secure
1 Several nuts and nylon spacers to make sure the thumb screws are snug against the camera and
the angle iron that holds the camera in place
 Soft cloth to clean the lens

=a =4 4 A
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I Extralens caps

Clip board, plot plans, labels to mark the plot name of edctupe taken

1 ¢KS G2 LALIS OfrYLA YR o AYOKSA da[ ¢ FNB LI I OSF
K2fR 2yS 4ARS 2F (KS da[ ¢ TFANXEte 2y (KSneter+/ LIA LIS
square pipe on the ground. The sides of the pietirame (left and right) will show more of the
plot. Just make sure you can see the entire outside white PVC tubing. Later you will crop to delete
most of the white tubing. The sides of the picture outside the frame can be used to hold the
clipboard withthe site information.

1 The camera needs to be set on fine or high resolution

T {ONBga (2 Yz2dzydi GKS OFYSN}Y 2yi(i2 GKS a[¢é¢ LASOS

E|

Data Evaluation

Data were compiled from the research study sites and additional established plots and bacteria
populations. This workacludes data obtained from the research study sites, bacteria establishment, the
effect of weedsuppressive bacteria and herbicide downy brome €heatgrass) populations,

established perennial plant populations and vegetation management activities guearg at select
locations within ITD rightf-ways. The research service evaluated data compiled from the study sites
and conduct appropriate analyses, and also complete other evaluations and summarizations of the data
from additional bacteria populationgo determine the relative success of bacteria at roadside rights
way, the relative effects of the bacteria on native species and/or seeded species, and the ability to
control a variety of weedy species includohgwvny brome ¢heatgrass) establishmeriData analyses

were completed using general linear model methodology such as analysis of variance, analysis of
covariance, regression, and correlation (SAS, 26P5jor each study, the impact of the bacterium on
downy brome ¢heatgrass), wheat, and nag¢ plant growth was determined and the relationships

among these data and the variables of location, soil characteristics, and climate were studied.
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Tablel. List ofAgronomicallylmportant Plants Tested in theRoot Length Bioassay toDetermine if the
Weed-suppressiveBacteria Pseudomonas fluorescerssrain ACK55NegativelyImpactedGrowth

Common Latin Name
Alfalfa Medicago sativa L.
Apple Malusspp.Mill.
Barley Hordeum vulgare L.
Beans Phaseoluspp.L.
Brocoli Brassica oleracea
Camelina Camelina sativé.
Canola Brassica napuk.
Celery Apiumspp.L.
Chick peas Cicer arietinum
Clover Trifoliumspp L.
Corn Zea mays..

Cotton Gossypiunspp.L.
Cucumber Cucumis sativus.
Faba bean Vicia faba

Flax Lirum narbonensé
Lentil Lens culinaris
Lettuce Lactuca sativa..
Magnolia Magnoliaspp.L.
Mint Menthaspp L.

Oat Avenaspp.

Onion Alliumspp L.

Pea Pisum sativunt..
Peanuts ArachisL.

Pepper Capsicuni..
Ponderosa Pinus ponderosa
Potato Solanunspp.

Rice Oryza sativa L.
Rose Rosaspp L.
Soybeans Glycine max. Mer.
Squash Cucurbitaspp.
Sugar beets Beta vulgaris
Sunflower Helianthusspp L.
Tomato Solanunmspp.
Vetch Viciaspp. L.

Wheat

Triticum aestivum L.
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Figure4. Distribution of Medusahead in North America (NRCS, 2014b)
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N

Note: Magnification is 100,000X.

Figure5. Transmissiordectron Micrograph ofPseudomonas fluorescens

Note: The untreate control plot (left) and plots treated with the weeeuppressive bacteria (right) 5 years after application

of the bacteria. The bacteria reduced downy brome (cheatgrass) populations by 64 percent. Winter wheat frames the sides
of each picture with downybrome (cheatgrass) in the inter row. Weeslippressive bacteria reduce the number of downy
brome (cheatgrass) plants by 64% compared to the control.

Figure6. Winter Wheat Felds Containing Downy Brome (Cheatgrass) at Benge, WA
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Note: WSBwas applied to the soil as a spray at 4 x 1011 cells hectia(8 x 1011 cells-A) in the fall of the year. Each bar

represents four sites with five replications of 0.4 hectare (1 acre) plots. Control for each site was set at 100%. 1) Winter

wheat/spring wheat rotation in Washington, ACK55 applied in rain; 2) Winter wheat/spring wheat rotation in Idaho, ACK55

applied in rain; 3) Mixed natives/cheatgrass rangeland in Washington, ACK55 applied in rain; 4) Mixed natives/cheatgrass

rangeland in Idalb, ACK55 applied in rain; 5) Monoculture Cheatgrass rangeland in in Washington, ACK55 applied in rain; 6)
Monoculture cheatgrass rangeland in Washington, ACK55 applied in rain; 7) Mixed natives/cheatgrass rangeland in

Washington, ACK55 applied in dry cotidins, Sunny skies and no rain for at least two days after application; 8) Mixed

natives/cheatgrass rangeland in Idaho, ACK55 applied in dry conditions, Sunny Skies and no rain for at least two days after

application. Bars were significantly differentfro®2 y G N2t 4 t X ndomnan I F YR t X ndap I |

Figure7. DownyBrome (CheatgrassPlants (Percent of Control) 5 Yearsafter Different Application
Treatments
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Bacterial Inhibition of Grass Weeds
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Note: 1) pasture and agricultural cropland with winter wheat as thet@tional crop; 2) mixed stand rangeland
containing weeds and native plants, and; 3) rangeland covered by a weed monoculture with no natives visible.
Each line represents the mean of five sites in Central and Eastern Washington State.

Figure8. Pseudomonas fluorescer@rain ACK53Nas Tested for Suppression ofDowny Brome
(Cheatgrass)over Time in Three Plant Ecosystems
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Note: The bacteria reduced downy brome (cheatgrass) populations by 56 percent.

Figure9. Rangelandreld Plots at Park Valley, UT dfntreated Control (Left) and Plots Treated with
Weed-suppressiveBacteria (Right) Three arsAfter Application of theBacteria

Note: The bacteria reduced medusahead populations by 89percent. Noté dfibacteria to left of stakes.

FigurelO. Rangelandrield Plots at Warm Springs, ID dfntreated Control (Left) and Plots Treated
with Weed-suppressiveBacteria Right) FiveYearsAfter Application of Bacteria
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